Abstract In this work, Ni-Al-hydrotalcite-derived catalyst modified with Fe or Mg for CO 2 methanation was investigated in an attempt to improve the reaction activity at low temperature. Through the characterization of XRD, H 2 -TPR, and N 2 -BET, 0.05Fe-Ni-Al 2 O 3 -HT catalyst can be found with a better reducing property, higher surface area, better Ni dispersion, and smaller pore size. The CO 2 conversion using this catalyst was tested in a fixed-bed reactor in laboratory. The result showed better reaction activity at low temperature. At 219°C, the CO 2 conversion could reach 80.8 %. Meanwhile, the highest CO 2 conversion of 96.0 % was achieved at 350°C.
Introduction
Global warming resulting from the CO 2 emitted from combustion of fossil fuel is a critical challenge for human beings. Recent studies indicate a high probability of a link between anthropogenic greenhouse gas emissions and observed effects on sea level rising [1] , precipitation patterns [2] , and ocean acidification [3] . There are three main strategies for reducing CO 2 emission, including increase of renewable energy [4] , CO 2 capture and storage [5] , and utilization of CO 2 [6] . Hydrogenation of CO 2 is an attractive C1 building block for making organic chemicals, materials, and carbohydrates (i.e., foods). This kind of utilization of CO 2 technology could be a solution to mitigate the global warming. CO 2 as a chemical feedstock in current industrial processes is limited. So far, CO 2 is only used in synthesis of urea and its derivatives, salicylic acid and carbonates. This limitation is due to the thermodynamic stability of CO 2 [7] , which requires high energy substances to transform it into other chemicals. Hydrogen can be used as a high energy material for transformation. The hydrogenation of CO 2 can produce more useful fuels and chemicals. Currently, the products of CO 2 hydrogenation being researched include carbon monoxide, methane, methanol, ethanol or higher alcohol, hydrocarbons, dimethyl ether, formic acid, formates, and formamides [8] [9] [10] [11] . Some of these products can be used as fuels in internal combustion engines and as raw materials and intermediates in many chemical industries. Moreover, they can be easily liquefied allowing for easy storage and transportation. Last, but not the least, in general, they are more valuable than CO 2 .
In recent years, hydrogen production from biomass has received people's attention, and this process can provide abundant H 2 for CO 2 methanation.
The methanation of carbon dioxide, also known as the Sabatier reaction for over a century, has received more interests due to its usage as chemical storage of the excess H 2 generated from renewable energy. The reactions of CO 2 methanation involve several species, such as CO 2 , H 2 , CH 4 , H 2 O, C 2? , and CO. The main mechanism of this system can be described by the following three reactions.
As can be seen from the DH, the reaction (1) is a strong exothermic process. For the adiabatic fixed-bed reactor, the temperature can rise 61°C for every 1 % conversion of CO 2 [12] . To reduce the heating effect of the reaction, the process of product gas recirculation has to be applied [13] [14] [15] .
High CH 4 yields can only be achieved when a catalyst is applied [16, 17] . Ru [18] , although more efficient, is quite expensive and presents a significant cost barrier to its commercial application. Therefore, supported nickel catalysts remain the most widely investigated ones due to their high efficiency in CH 4 production and low cost. However, Ni-based catalysts are not selective and are subject to be coking, which lowers the efficiency of methanation. Lei et al. found that Ni-Al-hydrotalcite-derived catalyst with well-dispersed Ni particles and strong basic sites showed excellent performance for CO 2 methanation [19] . Shohei et al. pointed out that CeO 2 could reduce the particle size of catalyst Ru/Al 2 O 3 [20] . Huailiang et al. proved that ZrO 2 could promote the dispersion of Ni on catalyst support and provide larger activity area [21] . Takano et al. pointed that ZrO 2 could provide oxygen vacancy for CO 2 adsorption so as to enhance the activity of catalyst [22] .
In theory, when CO 2 is hydrogenated, the CO 2 firstly converts into carbonate or bicarbonate, and the H 2 is dissociated into hydrogen atom. Then, the carbonate or bicarbonate is hydrogenated and loses H 2 O step by step. Finally, the CH 4 is formed and leaves the catalyst surface [23] . The catalyst with proper H 2 and CO 2 adsorption shows the best activity in the process of CO 2 methanation. It has been found that the capacity of H 2 adsorption on polycrystalline of Fe is better than that of Ni. So, the catalyst could be modified with Fe to enhance the adsorption of H 2 . To enhance the adsorption of CO 2 , the catalyst could be modified with Mg for its alkalinity.
In this work, Ni-Al-hydrotalcite-derived catalyst modified with Fe or Mg by co-precipitation method introduced by Lei was applied in the CO 2 methanation [19] . On this basis, the urea instead of NaOH and NaCO 3 was used as precipitant to avoid the introduction of Na ions. And the influences of different content of Fe or Mg and reaction temperature on CO 2 conversion were studied.
Experimental Catalyst preparation
The precursor of the catalyst was prepared by co-precipitation method with urea. Briefly, 0.03 mol Ni(NO 3 ) 2 Á6H 2 O, 0.015 mol Al(NO 3 ) 3 Á9H 2 O, and 0.18 mol CO(NH 2 ) 2 were added into a 500-ml three-mouth flask, then mixed and dissolved with 500 ml deionized water. Afterward, the solution was kept at 100°C for 24 h to obtain a precipitate with Ni-Al hydrotalcite structure. After filtering, washing, and drying at 80°C for 24 h, the obtained hydrotalcite was reduced at 700°C for 4 h to get the Ni-Al 2 O 3 -HT catalyst.
The catalyst modified by Fe or Mg was prepared according to the above-mentioned method with one more process of adding material. Fe(NO 3 )Á9H 2 
Experimental setup
The catalytic performance for CO 2 hydrogenation to CH 4 was evaluated in a continuous-flow fixed-bed reactor at 2 MPa. 1.000 g catalyst (20-40 mesh) was loaded in the reactor. The catalyst was firstly reduced with H 2 (75 ml/ min) at 700°C for 4 h. Then, the reactor was cooled down to 100°C in H 2 . The feed gas of 19 vol % CO 2 , 76 vol % H 2, and balanced with 5vol %N 2 was supplied at a total flow rate of 200 ml/min. Then, the reactor was heated from 100 to 700°C at 2°C/min and kept for 1 h every 50°C. Finally, the products passed through a cold trap (1°C) and they were analyzed by the GC (7890B, Agilent). The CO 2 conversion and methane selectivity were calculated as follows:
Â 100 % Characterization X-ray power diffractometer (RigakuD/max 2500) with Cu Ka radiation (k = 0.154056 nm) was performed to determine the bulk crystalline phase of the catalyst. The XRD data were recorded with a scanning speed of 10°/min in the range of 10°-90°. H 2 -TPR (Micromeritics 2720) was used to investigate the reducibility of the nickel on catalysts. The samples (0.1 g) were pre-dried at 350°C in He flow (30 ml/min) for 30 min. Then, the samples were heated to 900°C at a rate of 10°C/min in 10 vol % H 2 -Ar (25 ml/min).
Nitrogen adsorption-desorption isotherms were recorded using a Quantachrome 3QDS-MP-30 instrument. The total surface area was determined according to the BET equation. The pore size distribution was determined using DFT method.
Result and discussion
Once the catalyst precursors were reduced, the Ni grain can burn with the oxygen in the air, which can destroy the surface structure of catalyst. The catalyst precursors were used for characterization to avoid the destruction. Figures 1 and 2 showed the XRD patterns of the different catalyst precursors. Apparent diffraction bands at 37.2°, 43.3°, 63.0°, 75.3°, and 79.5°were observed, which corresponded to the diffraction of lattice planes of 111, 200, 220, 311, and 222 of nickel oxide. It can be seen that the catalyst precursors modified with a small amount of Fe and Mg showed no obvious peaks of NiO, which means the crystallinity of NiO becomes lower. Once the catalyst precursors were reduced, these catalysts could have a good Ni dispersion. Hence, the proper introduction of Fe or Mg can benefit the Ni dispersion and prevent the crystal growth of NiO particles for Ni-Al-hydrotalcite-derived catalyst precursor. However, a slightly stronger diffraction peak was found in 1MgO-NiO-Al 2 O 3 -HT compared with 0.1MgO-NiO-Al 2 O 3 -HT. This means the modification with Mg at high loading level can weaken Ni dispersion. Figure 3 showed the H 2 -TPR profiles with different Fe loading levels. A broad H 2 consumption peak between 400 and 800°C was found for these catalyst precursors. Specifically, two reduction desorption peaks were detected on these catalyst precursors. The first peak located at 418°C for NiO-Al 2 O 3 -HT, 380°C for 0.05 With the increase of Fe loading, the reduction temperature decreased from 660 to 518°C, while the area of the H 2 desorption became larger. Meanwhile, the deduction temperature of the second peak decreased from 721 to 688°C, while the area of the TCD signal became smaller. The first reduction peak represented the reduction of NiO as shown in Fig. 1 . And the second reduction peak represented the layered composite oxides generated after the calcination of hydrotalcite [24] . The existence of the Fe iron with different ionic radius prevented the growing up of the structure of hydrotalcite. In consequence, it can enhance the reducibility of the catalyst. As is shown in Fig. 4 , catalyst precursors modified with Mg showed different effects with Fe. Compared with NiAl-hydrotalcite-derived catalyst, the reduction peaks of 0.1 MgO-NiO-Al 2 O 3 -HT catalyst precursor moved about 10°C to the higher temperature range. However, the area of the TCD signal became slightly larger. Meanwhile, the reduction peaks of 1 MgO-NiO-Al 2 O 3 -HT catalyst precursors showed an apparent difference with other catalyst precursors. The area of the TCD signal became apparently smaller. This suggested that the modification with Mg at high loading level reduced its reducibility. Therefore, the modification with Mg at high loading level can enhance the interaction of nickel with other components in catalyst precursors.
NiO-Al 2 O 3 -HT catalyst precursor showed a relatively high specific surface area(s = 125 m 2 /g) as shown in Table 1 . NiO-Al 2 O 3 -HT catalyst precursor showed wide range of pore distribution at the entire measuring range (1-22 nm) . The catalyst precursor modified with Fe mainly showed micropores of 1.5 nm and mesopores of 3.0 and 5.0 nm. No mesopores over 7.0 nm were observed in Fig. 5 . As for Ni-Al-hydrotalcite-derived catalyst modified with Mg, there was a difference. On the one hand, the catalyst precursor showed similar distribution above 4.5 nm with NiO-Al 2 O 3 -HT catalyst precursor. On the other hand, 0.1 MgO-NiO-Al 2 O 3 -HT catalyst precursor showed micropores of 1.5 nm and mesopores of 3.0 nm in Fig. 6 ; while the mesopores mostly distributed around 5.0 nm for 1 MgO-NiO-Al 2 O 3 -HT catalyst precursor.
It could be concluded from Table 1 and Figs. 5 and 6 that the introduction of a proper amount of Fe or Mg to the Ni-Al-hydrotalcite-derived catalyst could change the pore distribution and generate more pores under 7.0 nm. Therefore, the catalyst precursor showed a high specific surface area, while excessive Fe or Mg had negative effect on the catalytic property and performance.
To enhance the adsorption of H 2 , Fe was introduced into Ni-Al-hydrotalcite-derived catalyst. Figures 7 and 8 showed the effect of temperature on the CO 2 conversion and CH 4 selectivity of CO 2 hydrogenation reaction under different conditions. For these catalysts, the methanation reaction started up from 150°C and generated CH 4 . When the temperature of reaction was increased gradually, the CO 2 conversion increased rapidly at first, and if the temperature was over about 400°C, the CO 2 conversion began to drop due to the restriction by thermodynamic To enhance the adsorption of CO 2 , Mg was introduced into the Ni-Al-hydrotalcite-derived catalyst. Figure 9 shows the effect of Mg on the catalytic performance of the CO 2 methanation process. 0.1 MgO-Ni-Al 2 O 3 -HT catalyst showed the best low-temperature activity below 300°C. The CO 2 conversion reached 71.4 % at 213°C using 0.1 MgO-Ni-Al 2 O 3 -HT. It was higher than Ni-Al 2 O 3 -HT catalyst with 16.4 % CO 2 conversion at 206°C and 1 MgO-Ni-Al 2 O 3 -HT catalyst with 14.9 % CO 2 conversion at 210°C. When the temperature was higher than 300°C, there was almost no difference between these three kinds of catalysts. Figure 10 shows the selectivity of the three different kinds of catalysts, the CH 4 selectivity was over 99.0 % under 500°C, and began to fall since 500°C for CO generation.
Briefly, proper amount of Mg could enhance catalyst alkaline, and then accelerated CO 2 conversion under 300°C. The catalyst became difficult to restore as shown in Fig. 10 , and the CO 2 conversion was reduced at high temperature. 
Conclusion
Ni-Al-hydrotalcite-derived catalyst modified with Fe or Mg for CO 2 methanation was investigated to improve the reaction activity at low temperature. It was found that proper amount of Fe could enhance the dispersion of NiO, improve the reducibility, and change the pore distribution. In consequence, the low-temperature activity was also significantly improved. The reaction started at 200°C using 0.05 Fe-Ni-Al 2 O 3 -HT catalyst, which was 50°C lower than that using Ni-Al 2 O 3 -HT catalyst without modification. And the CH 4 selectivity could reach 100.0 % at 362°C at the CO 2 conversion of 96.8 %. The catalyst was also modified with Mg to enhance the adsorption capacity of CO 2 . And it showed the same effect for the dispersion of NiO. But, the catalyst became difficult to be reduced and had no obvious improvement in the pore distribution. What is more, the catalytic activity of the catalyst modified with Mg at low temperature was lower than the one modified with Fe. 
